MdMYB9 is a positive regulator in the biosynthesis of anthocyanin and proanthocyanidin in apple. However, its posttranslational regulation is unclear. Here, we demonstrated that the BTB protein MdBT2 had a negative role in the biosynthesis of anthocyanin and proanthocyanidin. MdBT2 interacted with MdMYB9 and negatively regulated the abundance of MdMYB9 protein through the 26S proteasome system. The degradation of MdMYB9 by MdBT2 reduced the expression of MdMYB9-mediated anthocyanin and proanthocyanidin-related genes and reduced the accumulation of anthocyanin and proanthocyanidin, which functioned in an MdCUL3-independent pathway. Our results indicated that MdBT2 negatively regulated the stability of MdMYB9, which provides new insight into the homeostasis of anthocyanin and proanthocyanidin in apple.
Introduction
Anthocyanins and proanthocyanidins are two important classes of secondary metabolites (Grotewold 2006) . They play key roles in biotic and abiotic stress responses and affect both fruit flavor and nutritional value (Allan et al. 2008 , Lev-Yadun and Gould 2008 , Hernández et al. 2009 ). Based on their biological importance and contribution to a fruit's market value, the biosynthesis mechanisms and the dynamic changes of these two flavonoid compounds have been studied widely in many species (Wu et al. 2004 , Koes et al. 2005 . Both anthocyanins and proanthocyanidins are derived from the phenylpropanoid biosynthetic pathway, and a series of catalyzing enzymes are involved in the biosynthesis process, which include phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone-3ß-hydroxylase (F3H), flavonol synthase (FLS), dihydroflavonol-4-reductase (DFR), anthocyanin synthase (ANS), anthocyanidin reductase (ANR) and UDPglucose: flavonoid-3-O-glucosyltransferase (UF3GT) (Jaakola et al. 2013 , Yoshida et al. 2015 . In particular, ANR is a specific catalyzing enzyme in the proanthocyanidin biosynthesis process (Xie et al. 2003) .
As one of the largest families of transcription factors (TFs) in plants, MYB TFs play important roles in signal transduction, secondary metabolism, stress response and disease resistance (Martin and Paz-Ares 1997 , Stracke et al. 2001 , Dubos et al. 2010 ). There have been numerous studies on the accumulation of MYB TFs-mediated flavonoids. MYB TFs play key roles in regulating anthocyanin and proanthocyanidin biosynthesis by forming the MYB-bHLH-WD40/WDR (MBW) complex (Allan et al. 2008 , Gonzalez et al. 2008 , Nie et al. 2015 . Numerous MYB TFs have been isolated and characterized in many species. For example, AtMYB11, AtMYB75/PAP1, AtMYB90/PAP2, AtMY B111, AtMYB113, AtMYB114 and AtMYBL2 are involved in regulating anthocyanin biosynthesis (Stracke et al. 2007 , Matsui et al. 2008 , Dubos et al. 2010 , and AtMYB123/TT2 affects proanthocyanidin biosynthesis in Arabidopsis (Gonzalez et al. 2008) . In poplar, MYB134 and MYB182 are key regulators of anthocyanin and proanthocyanidin biosynthesis (Mellway et al. 2009 , Yoshida et al. 2015 . MdMYB1/MdMYB10/MdMYBA was the first identified MYB TF that is involved in anthocyanin accumulation and fruit coloration in apple (Takos et al. 2006 , Ban et al. 2007 , Espley et al. 2007 ). MdMYB3 and MdMYB16 play key roles in anthocyanin accumulation (Vimolmangkang et al. 2013 ). In addition, MdMYB12 and MdMY B22 play essential roles in proanthocyanidin accumulation . Moreover, MdMYB9 and MdMYB11 regulate both anthocyanin and proanthocyanidin accumulation . Although a number of MYB TFs have been investigated, little is known about their posttranslational regulation.
The degradation of ubiquitin proteasome system (UPS)-modulation proteins plays an essential role in regulating protein homeostasis (von Mikecz 2006 , Ciechanover and Stanhill 2014 , Shu and Yang 2017 . Three enzymes are involved in the UPS process, which include ubiquitin activating enzymes (E1s), ubiquitin conjugating enzymes (E2s) and ubiquitin ligases (E3s) Xie 2013, Shu and Yang 2017) . Currently, the ubiquitination regulation of MYB TFs is being studied extensively. In Arabidopsis, ubiquitin ligase MIEL1 regulates plant defense and ABA response by regulating the protein stability of MYB30 and MYB96, respectively (Marino et al. 2013, Lee and Seo 2016) . In apple, the MdMYB1 protein is a target of both MdCOP1 and MdMIEL1 for ubiquitin-mediated degradation , An et al. 2017a ). In addition, there is no other report on the novel regulators that mediate MYB TFs stability.
Bric-à-brac, tramtrack and broad complex (BTB) proteins are a bridge between CUL3-RING E3 ligase and substrate proteins, and they are essential for the ubiquitin process (Figueroa et al. 2005, Hua and Vierstra 2011) . In this work, we identified that MdBT2 was involved in anthocyanin and proanthocyanidin biosynthesis through mediation of MdMYB9 degradation. This study provides a novel insight into the posttranslational regulation of MYB proteins and the homeostasis of anthocyanin and proanthocyanidin in apple.
Materials and methods

Plant materials
Plant materials used in this study included the 'Orin' apple calli and the 'GL3' apple seedlings. Fifteen-day-old 'Orin' apple calli were used for genetic transformation and determination of anthocyanin and proanthocyanidin content. Apple calli were grown on Murashige and Skoog (MS) media that contained 0.5 mg L −1 2,4-dichlorophenoxyacetic acid and 1.5 mg L −1 6-benzyl adenine (6-BA) at room temperature (24°C) in the dark. Apple calli were subcultured at 15-day intervals, they were colorless under the normal growth condition (room temperature/ dark). However, after the treatment by light and low-temperature for a period of time, apple calli turned red. In our study, coloring time and anthocyanin content were used to measure the effect of gene-mediated anthocyanin accumulation. For lowtemperature and light treatments, apple calli were placed in a phytotron with constant light (15°C, photon flux density ∼70 μmol m −2 s −1 ) for 5 days. The treated apple calli were collected and used for the determination of anthocyanin and proanthocyanidin contents. 'GL3' apple seedlings were used for genetic transformation and determination of proanthocyanidin content. Apple seedlings were grown on MS medium that contained 1.0 mg L −1 6-BA and 0.2 mg L −1 naphthylacetic acid at 24°C in the light.
Vector construction
The full-length cDNAs of the genes MdBT2 (GenBank accession number: MDP0000151000), MdMYB9 (GenBank accession number: MDP0000210851) and MdCUL3 (GenBank accession number: MDP0000458584) were used to construct overexpression and suppression vectors. The recombinant plasmids that included 35 S::MdBT2-Flag, 35 S::MdBT2-Anti, 35 S::MdMYB9-GFP and 35 S::MdCUL3-Flag, 35 S::MdCUL3-Anti were transformed into Agrobacterium, and empty 35 S::Flag was used as the control.
The DNA fragments of MdMYB9 and MdBT2 were amplified using the primers MdMYB9-IL60-F/R and MdBT2-IL60-F/R (see Table S1 available as Supplementary Data at Tree Physiology Online). The fragments were cloned into the IL60-BS vector to generate the recombined MdMYB9-IL60-2 and MdBT2-IL60-2 plasmids, and the IL60-1 vector was used as a helper plasmid.
Genetic transformation of plant materials
For the genetic transformation of apple calli, 15-day-old apple calli were incubated with Agrobacterium thalli that carried the recombinant plasmids for 30 min. Subsequently, the transformed samples were co-cultured on selective medium that was supplemented with appropriate antibiotics. The transgenic apple calli were identified with qRT-PCR and selected for additional assays (An et al. 2017a) .
Transgenic apple seedlings were generated through Agrobacterium-mediated transformation of apple leaves (Yao et al. 1995 , Xie et al. 2012 . In brief, 25-day-old apple seedlings were incised with a scalpel. The treated apple leaves were incubated with Agrobacterium thalli that carried the recombinant plasmids for 30 min. The transformed apple leaves were cocultured on selective medium that was supplemented with appropriate antibiotics to differentiate the apple seedlings. The transgenic apple seedlings were identified with qRT-PCR and selected for additional assays.
For the transient transformation of apple leaves, the two combinatorial plasmids MdMYB9-pIR (IL60-1 + MdMYB9-IL60-2) and MdBT2-pIR (IL60-1 + MdBT2-IL60-2) were transformed into apple leaves using a vacuum pump (FD-1D-50, BIOCOOL, Beijing, China). The 2-day-old transiently transformed apple leaves were performed to examine proanthocyanidin content.
Quantitative real time-PCR (qRT-PCR) assays
qRT-PCR was performed to determine the transgenic plant materials and to test the expression levels of anthocyanin and proanthocyanidin-biosynthesis-related genes. The qRT-PCR assays were conducted as described (An et al. 2017b) . Two grams of apple calli and 1 g apple seedlings or apple leaves were used for RNA extraction using a RNA plant Reagent kit (Tiangen, Beijing, China) according to the instructions. The reverse transcription was conducted using a PrimeScript first-strand cDNA synthesis kit (Takara, Shiga, Japan). qRT-PCR was conducted with the UltraSYBR mixture (SYBR Green I) (Tiangen) and calculated using the 2 −ΔΔCt method. MdACTIN (GenBank accession number:
EB136338) was used as the reference gene. GenBank accession numbers of anthocyanin and proanthocyanidin biosynthesis-related genes were MdPAL: MDP 0000261492; MdCHS: MDP0000686666; MdCHI: MDP0000 759336; MdF3H: MDP0000323864; MdFLS: MDP00001 83682; MdDFR: MDP0000494976; MdANS: MDP00002 40641; MdANR: MDP0000271553; and MdUF3GT: MDP0000 405936. All primers used are listed in Table S1 available as Supplementary Data at Tree Physiology Online.
Determination of anthocyanin and proanthocyanidin content
The methanol-HCl method was used for the extraction of anthocyanin (Harborne 1958) . Fifteen-day-old apple calli were placed in a phytotron with constant light (15°C, photon flux density
) for 5 days. Approximately 2 g of the lowtemperature and light-treated apple calli were incubated in 5 ml 1% (v/v) HCl-methanol at 24°C. The absorbances of extract liquors were measured at 530, 620 and 650 nm using a UV-vis spectrophotometer (UV-1600, SHIMADZU, Kyoto, Japan) (Lee and Wicker 1991) .
A 4-dimethylaminocinnamaldehyde (DMACA) reagent was used for proanthocyanidin staining. For the determination of the proanthocyanidin content, 1 g of apple calli were extracted with a 70% acetone aqueous solution that was supplemented with 0.1% ascorbic acid at 4°C. After centrifugation, the supernatant was mixed with methanol and 2% DMACA reagent. The mixture was placed at 24°C for 20 min and measured at 643 nm (Li et al. 1996 .
Pull down assays
A Profound TM Pull-Down Kit (Thermo, Waltham, MA, USA) was used for pull down assay. The open reading frame (ORF) of MdBT2 as baits was cloned into the PGEX-4T-1 vector to generate PGEX-4T-1-MdBT2, which contained a glutathione (GST) tag sequence, and the recombinant was overexpressed subsequently in Escherichia coli BL21 (DE3). The ORF of MdMYB9 as prey was cloned into the PET32a vector that contained a HIS tag, and the MdMYB9-HIS protein was expressed in E. coli BL21 (DE3). The MdBT2-GST and MdMYB9-HIS proteins were added into the cobalt chelate affinity resin that contained GST tag and incubated at 4°C for 1 h. The samples were collected and detected through western blot analysis using HIS or GST antibodies (Abcam, Cambridge, UK).
Yeast two-hybrid assays (Y2H)
DNA fragments (N-terminus, C-terminus and full-length) of MdBT2 and MdMYB9 were cloned into the pGAD and pGBD vectors. The mixed plasmids were transformed into the yeast (Y2H Gold). The yeasts were grown on a medium that lacked Trp and Leu (SD/-Trp-Leu). In order to screen the interaction, the yeasts were plated on a medium that lacked Trp, Leu, His and Ade (SD/-Trp-Leu-His-Ade) (An et al. 2017a ).
Protein degradation assays in vitro
The extraction solutions of apple calli were extracted as described (An et al. 2017a ). The extraction solutions and the MdMYB9-HIS fusion protein were mixed and collected at the indicated time (0, 0.5, 1, 3 and 6 h). The mixtures were determined by western blot using HIS antibody. For dimethylsulfoxide (DMSO) or MG132 treatments, the apple calli extracts were pre-treated using 100 μM MG132 or 0.1% DMSO for 1 h (An et al. 2017a ).
Statistical analysis
Two grams of apple calli and 1 g of apple seedlings or apple leaves were used for RNA extraction and for determining anthocyanin and proanthocyanidin content. Three biological replicates were used for qRT-PCR assays and to determine anthocyanin and proanthocyanidin content. Statistical analysis was performed using a t-test, where *P < 0.05 and **P < 0.01.
Results
MdBT2 negatively regulates both anthocyanin and proanthocyanidin biosynthesis in apple
MdMYB9 plays a positive role in regulating anthocyanin and proanthocyanidin accumulation in apple . The results of our study corroborated those findings (see Figures S1 available as Supplementary Data at Tree Physiology Online and S3C). Yeast two-hybrid screening was conducted using MdMYB9 as a bait and the MDP0000151000 gene was screened out. Its ORF was 1089 bp and encoded 362 amino acid residues. Its coding protein contained a conserved BTB domain (30-121 aa) in the N-terminus and a TAZ domain (129-199 aa) in the C-terminus (see Figure S2A and B available as Supplementary Data at Tree Physiology Online). In addition, phylogenetic analysis showed that it was highly comparable to that of the PbBT2 from pear (Pb: Pyrus × bretschneideri) (see Figure S2C available as Supplementary Data at Tree Physiology Online). The gene was named MdBT2.
To identify the functions of MdBT2, transgenic apple calli were obtained by introducing 35 S::MdBT2-Flag or 35 S:: MdBT2-Anti into wild-type apple calli. Overexpression calli (MdBT2-OX) and antisense suppression calli (MdBT2-Anti) were generated (see Figure S3A available as Supplementary Data at Tree Physiology Online). Interestingly, we found that MdBT2 affected the accumulation of both anthocyanin and proanthocyanidin in transgenic apple calli. As shown in Figure 1A -C, overexpression of MdBT2 contained less anthocyanin compared with the control after light and low-temperature treatments, but the antisense line (MdBT2-Anti) had more accumulated anthocyanin. Additionally, proanthocyanidin staining was observed using a DMACA reagent, which indicated that the MdBT2-OX line produced less proanthocyanidin than the control, but MdBT2-Anti generated markedly higher amounts of proanthocyanidin ( Figure 1D and E) . The expression levels of anthocyanin and proanthocyanidin biosynthesis genes (MdPAL, MdCHS, MdCHI, MdF3H, MdFLS, MdDFR, MdANS, MdANR and MdUF3GT) in the control and MdBT2 transgenic lines were detected by qRT-PCR. Overexpression of MdBT2 downregulated the expression of these anthocyanin and proanthocyanidin biosynthesis-related genes. Suppression of MdBT2 showed the opposite gene expression patterns ( Figure 1F ), which indicated that MdBT2 suppressed anthocyanin and proanthocyanidin biosynthesis.
Meanwhile, 35 S::MdBT2-Flag and 35 S::MdBT2-Anti vectors were introduced into apple seedlings through Agrobacteriummediated transformation. Two overexpression lines (MdBT2-OX-1 and MdBT2-OX-5) and two antisense suppression lines (MdBT2-Anti-13 and MdBT2-Anti-23) were generated (see Figure S3B available as Supplementary Data at Tree Physiology Online). Similarly, the results of DMACA staining showed that the overexpression of MdBT2 inhibited, but suppression of MdBT2 promoted, the accumulation of proanthocyanidin ( Figure 1G and H) . qRT-PCR assays also indicated that MdBT2 reduced the biosynthesis of anthocyanin and proanthocyanidin ( Figure 1I ). 
MdBT2 directly interacts with MdMYb9
A pull-down assay was performed to verify the interaction between MdBT2 and MdMYB9 using MdBT2-GST and MdMYB9-HIS fusion proteins. MdMYB9-HIS was pulled down by MdBT2-GST, but HIS failed to co-purify with MdBT2-GST (Figure 2A ), which indicated that MdBT2 interacted with MdMYB9 in vitro.
In order to test the required domains of MdBT2 involved in the interaction with MdMYB9, yeast two-hybrid assays using defined regions of the MdBT2 and MdMYB9 proteins were performed under stringent conditions. Consistent with the above results, two-hybrid assays showed that pGBD-MdBT2 and pGAD-MdMYB9 yeast co-transformants grew on SD/-Trp-LeuHis-Ade selection plates, which suggested that there was an interaction between MdBT2 and MdMYB9 in yeast. The Nterminal region of MdBT2 that encompassed the BTB domain and the N-terminal region of MdMYB9 that encompassed the HTH domain were essential for the interaction between MdBT2 and MdMYB9 ( Figure 2B and C).
MdBT2 accelerates the degradation of MdMYb9
MdMYB9 is an important regulator of anthocyanin and proanthocyanidin biosynthesis, but little is known about its posttranslational regulation. Degradation experiments were designed to test the stability of the MdMYB9 protein. The MdMYB9-HIS protein was unstable and degraded rapidly to a tiny level within 6 h (see Figure S4A and B available as Supplementary Data at Tree Physiology Online). However, treating the samples with MG132 repressed the degradation process significantly. This observation confirmed that the MdMYB9 protein was degraded by the 26S proteasome.
The opposing phenotypes of anthocyanin and proanthocyanidin accumulation between MdBT2 and MdMYB9 transgenic calli led us to speculate on whether the abundance of MdMYB9 might be regulated by MdBT2. To explore this possibility, we investigated the half-life of the MdMYB9 protein in the control and in MdBT2 transgenic apple calli were investigated. The extraction solutions of the control and MdBT2 transgenic apple calli were treated with 100 μM MG132 or 0.1% DMSO for 1 h. The incubations of the extraction solutions and the MdMYB9-HIS protein were collected for the indicated time periods. As shown in Figure 3 , the extraction solution of MdBT2-OX increased the decay rate of the MdMYB9-HIS protein compared with the control, but the MdMYB9-HIS protein was stabilized in the extraction solution of MdBT2-Anti. The results revealed that MdBT2 contributed to the ubiquitin-degradation of MdMYB9.
MdBT2 inhibits the MdMYb9-promoted anthocyanin and proanthocyanidin accumulation in apple
To further analyze the significance of the negative regulation of MdBT2 on the MdMYB9 protein level, the co-transformed calli of MdMYB9-GFP and MdBT2-OX were used for the following phenotype experiments (see Figure S3D available as Supplementary Data at Tree Physiology Online). The results showed that high amounts of anthocyanin and proanthocyanidin accumulation in MdMYB9 overexpression calli were suppressed by MdBT2 ( Figure 4A-E) . In addition, we tested the transcript levels of key genes that were involved in anthocyanin and proanthocyanidin biosynthesis in the MdMYB9-GFP and MdMYB9-GFP/MdBT2-OX lines. As shown in Figure 4F , the expression levels of anthocyanin and proanthocyanidin biosynthesis genes were significantly down-regulated in the MdMYB9-GFP/MdBT2-OX co-transformed apple calli compared with the individual MdMYB9-GFP transgenic calli. This result demonstrated that overexpression of MdBT2 promoted the degradation of MdMYB9, and inhibited anthocyanin and proanthocyanidin accumulation in MdMYB9-overexpressing apple calli.
In addition, MdMYB9 and MdBT2 genes were transformed transiently into apple leaves to determine the relationship between MdMYB9 and MdBT2. As shown in Figure 4G -I and Figure S3E available as Supplementary Data at Tree Physiology Online, transient overexpression of MdMYB9 increased proanthocyanidin accumulation by up-regulating the expression of anthocyanin and proanthocyanidin biosynthesis genes, although overexpression of MdBT2 in the background of MdMYB9 inhibited the MdMYB9-mediated proanthocyanidin accumulation significantly. These results revealed that MdBT2 inhibited the MdMYB9-promoted anthocyanin and proanthocyanidin accumulation in apple.
MdMYb9 regulates accumulation of anthocyanin and proanthocyanidin independent of MdCUL3
In Arabidopsis, the BTB protein was a bridge between CUL3 E3 ligase and target proteins (Figueroa et al. 2005, Hua and Vierstra 2010) . The interaction among MdMYB9, MdBT2 and MdCUL3 caused us to speculate whether MdCUL3 was involved in MdMYB9-mediated biosynthesis of anthocyanin and proanthocyanidin. To assess the contribution of MdCUL3 to the degradation of the MdMYB9 protein in vitro, the half-life of MdMYB9 was examined under the background of MdCUL3-overexpression (MdCUL3-OX), MdCUL3-antisense (MdCUL3-Anti) and the control. The degradation rates of MdMYB9 that were triggered by MdCUL3-OX and MdCUL3-Anti were similar to that in the control ( Figure 5A and B and see Figure S3F available as Supplementary Data at Tree Physiology Online), which indicated that MdCUL3 was not involved in the degradation of MdMYB9.
To further verify that MdCUL3 was redundant for changes in protein abundance of MdMYB9, co-transformed calli of MdMYB9-GFP plus MdCUL3-OX or MdCUL3-Anti were obtained. Similarly, anthocyanin and proanthocyanidin contents were measured ( Figure 5C-G) . As expected, there were no significant differences in anthocyanin and proanthocyanidin contents among MdMYB9-GFP, MdMYB9-GFP/MdCUL3-OX and MdMYB9-GFP/ MdCUL3-Anti apple calli. Moreover, the undifferentiated transcripts of anthocyanin and proanthocyanidin biosynthesis- related genes further supported our view that MdCUL3 did not contribute to the MdMYB9-mediated accumulation of anthocyanin and proanthocyanidin ( Figure 5H ).
Discussion
Since the BTB proteins were found for the first time in Drosophila melanogaster, there have been major developments in the characterization of BTB proteins (Zollman et al. 1994 , Stogios et al. 2005 ). An increasing number of studies have shown that BTB proteins that contain conserved BTB domains have diverse roles in plant growth and development (Stogios et al. 2005) , and they are involved in the regulation of iron acquisition (Salahudeen et al. 2009 , Vashisht et al. 2009 ), telomerase activity (Ren et al. 2007 ) and integrating hormones and stress signaling (Mandadi et al. 2009 ). Up to now, 81 and 149 BTB proteins have been isolated in Arabidopsis and rice, respectively (Gingerich et al. 2005 (Gingerich et al. , 2007 .
Apple MdBT2 belongs to the BTB protein family, which contains an N-terminal BTB domain and a C-terminal TAZ domain (see Figure S2A and B available as Supplementary Data at Tree Physiology Online). BT2 possesses ubiquitin ligase activity by combining with CUL3 (Petroski and Deshaies 2005, Hua and Vierstra 2011) , and the MdbHLH104 protein is identified as a target of MdBT2 for ubiquitin-mediated degradation (Zhao et al. 2016) . In this study, MdBT2 was screened out as a potential MdMYB9-interacting protein. Subsequently, pull down and yeast two-hybrid assays further confirmed this interaction (Figure 2) . Finally, physiological analysis showed that overexpression of MdBT2 decreased anthocyanin and proanthocyanidin in apple calli and apple seedlings (Figure 1 ). (MdPAL, MdCHS, MdCHI, MdF3H, MdFLS, MdDFR, MdANS, MdANR and MdUF3GT) involved in anthocyanin and proanthocyanidin biosynthesis in MdMYB9-overexpressing apple seedlings. Asterisks denote t-test significance: *P < 0.05 and **P < 0.01. The results were analyzed in triplicate.
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As a positive regulator of anthocyanin and proanthocyanidin biosynthesis (see Figure S1 available as Supplementary Data at Tree Physiology Online, An et al. 2015) , recent studies of MdMYB9 have been sparse in recent years. Here, we focused on the posttranslational modification of MYB proteins. Like other TFs, MdMYB9 was an unstable protein and was degraded through the 26S proteasome pathway (Figure 4 ; Hochstrasser 1996, Meyer and Rape 2014) . The direct interaction and adverse functions between MdMYB9 and MdBT2 led us to consider whether MdBT2 played a role in ubiquitin-mediated MdMYB9 degradation. To verify our hypothesis, the protein degradation assays (Figure 3 ) and co-transformed phenotype detections ( Figure 4) were conducted, and our results indicated that MdBT2 negatively regulated the accumulation of anthocyanin and proanthocyanidin by degradation of the MdMYB9 protein. As demonstrated previously, MdBT2 acts as a link between CUL3 and its target proteins (Petroski and Deshaies 2005 , Hua and Vierstra 2011 , Zhao et al. 2016 . This relationship prompted us to address the issue of whether MdCUL3 was also responsible for MdMYB9-mediated anthocyanin and proanthocyanidin accumulation. However, a series of results, including in vitro protein degradation experiments and apple calli coloring assays, indicated that MdCUL3 was not required for the stabilization of MdMYB9, and MdCUL3 did not contribute to MdMYB9-mediated anthocyanin and proanthocyanidin accumulation in apple calli ( Figure 5 ). Thus, it is likely that MdMYB9 mediated anthocyanin and proanthocyanidin accumulation in apple independently of MdCUL3.
Taken together, based on earlier studies and several lines of evidence provided in this study, we propose that MdBT2 plays an essential role in the regulation of anthocyanin and proanthocyanidin accumulation. The BTB protein MdBT2 promotes the protein degradation of MdMYB9 and then inhibits anthocyanin and proanthocyanidin abundance in an MdCUL3-independent pathway, which may contribute to the dynamic balance of flavonoid in apple. Considering that BTB proteins are responsible for various Tree Physiology Online at http://www.treephys.oxfordjournals.org stress signals (Mandadi et al. 2009 ) and regulate flavonoid accumulation, it is appealing to hypothesize that MdBT2 may contribute to an integration of stress responses and flavonoid accumulation, and the BTB protein-mediated degradation of target proteins may be a general mechanism in plants.
